Investigation of dielectric and electrical properties of Mn doped sodium potassium niobate ceramic system using impedance spectroscopy J. Appl. Phys. 110, 104102 (2011) Determination of depolarization temperature of (Bi1/2Na1/2)TiO3-based lead-free piezoceramics J. Appl. Phys. 110, 094108 (2011) Finite element method simulation of the domain growth kinetics in single-crystal LiTaO3: Role of surface conductivity J. Appl. Phys. 110, 052016 (2011) Local domain engineering in relaxor 0.77PbMg1/3Nb2/3O3-0.23PbSc1/2Nb1/2O3 single crystals J. Appl. Phys. 110, 052002 (2011) Determination of the effective coercive field of ferroelectrics by piezoresponse force microscopy J. Appl. Phys. 110, 052012 (2011) Additional information on J. Appl. Phys. The temperature dependence of the transient current in ferroelectric Pb͑Zr 0.53 Ti 0.47 ͒O 3 ͑PZT͒ thin film capacitors is studied by examining the current density versus time (J-t) characteristics in the temperature range from room temperature to 140°C. The transient current consists of two components, the conduction current and the polarization current. The conduction current is related to traps inside the films. The trapped holes cause an increase of the local electric field and hence the conduction current. The polarization current decreases and saturates as time increases. The dependence of the transient current on temperature therefore relies on the relative magnitudes of the two components. The transient current of PZT at room temperature is found to be dominated by trap-related conduction current at field higher than 83 kV/cm and by polarization current at field lower than 83 kV/cm. The increase of temperature enhances the emission rate of captured holes and the conduction current component decreases. The discharging current in the PZT capacitor is found to follow the tunneling front model in the temperature range below 100°C, whereas a different model is required above 100°C.
I. INTRODUCTION
Recently, ferroelectric thin films such as lead-zirconatetitanate ͑PZT͒ have attracted much attention for applications in memory devices like dynamic random access memories ͑DRAM͒ 1,2 and nonvolatile memories. 3, 4 However, there are still a few remaining reliability issues, such as leakage current, 5, 6 fatigue, 7 aging, 8 imprint property, 9,10 and time dependent dielectric breakdown ͑TDDB͒. 2, 11 It is known that space charges in the ferroelectric thin film play an important role in the understanding of these problems. The influence of the trap states on the electrical properties of dielectrics has been extensively studied for traditional materials like SiO 2 .
12,13 Similar understanding of the trap properties in ferroelectric thin films is still very much lacking.
In our previous work, 14 the discharging current of PZT capacitors at room temperature is found to follow the tunneling front model. 23 The temperature dependence of the transient current is important for the understanding of the trapping mechanisms in the dielectrics. This work examines the temperature dependence of the transient current in PZT thin film capacitors from room temperature to 140°C. The current density versus time (J-t) consists of two components, the electronic conduction current and the polarization current.
14 The trapped holes cause an increase of the local electric field and hence the conduction current. 26 Because the trapping of charge carriers is a function of temperature, the electronic conduction current depends on temperature. The polarization current decreases and saturates as time increases. The dependence of the transient current on temperature therefore relies on the relative magnitudes of the two components.
II. EXPERIMENT
The PZT thin films were deposited by rf ͑13.56 MHz͒ magnetron sputtering at room temperature with pure Ar. Silicon wafers were used as the starting substrates. A thermal silicon dioxide layer with a thickness of 500 nm was first grown on the substrate. A double layer of titanium ͑100 nm͒ and platinum ͑150 nm͒ was then deposited on the silicon substrate by dual electron beam evaporation. The titanium was used to improve adhesion and the platinum was used as the bottom electrode. The PZT was then deposited on the Pt/Ti/SiO 2 /Si substrate. The composition of the PZT target was Pb 1.1 ͑Zr 0.53 Ti 0.47 ͒O 3 . The as-deposited PZT films were rapid thermal annealed at 600-700°C in O 2 ambiance for 60 s. The top Au electrode with a thickness of 300 nm was then evaporated and patterned using a lift-off process. The thickness of the PZT thin films was about 600 nm. The J-t characteristics were measured using a computer-controlled HP-4140B pA meter.
III. RESULT AND DISCUSSION

A. The charging current
Our previous result 14 on the charging current of PZT capacitors as a function of time ͑J-t curves͒ measured at room temperature with different stress voltages is repeated here in Fig. 1 . The polarity is defined to be positive when a positive voltage is applied to the top electrode. In our experiment, an Au/PZT/Pt metal-insulator-metal ͑MIM͒ structure is used. The work functions of Au and Pt are 5.1 and 5.7 eV, 15 respectively. The difference is not very large. In our previous paper, 11 it was shown that there was no significant difference in leakage current density when the voltage polarity was reversed. As a result, only positive polarity voltage is used in this work. In Fig. 1 , two different behaviors can be clearly identified. At low bias voltages, the transient current decays exponentially with time. When the applied voltage is higher than 5 V, the transient current increases with time. This type of transient current in PZT films has been observed previously. [14] [15] [16] The increase of transient current at high stress voltages is most likely due to the trapping of holes. The accumulation of trapped holes causes an enhancement of a͒ Electronic mail: ymlee@ee.nthu.edu.tw the local electric field in the film, thus increasing the conduction current. 14, 26 In this article, this type of transient current behavior is designated as ''degradation type.'' The transient current at low stress voltages is mostly due to the polarization current. The decreasing transient current behavior at low stress voltages is therefore designated as ''polarization type.'' The transition voltage between the two different regions is called the ''transition'' voltage V tr . The transition voltage in Fig. 1 is about 5 V, which gives a transition field of about 83 kV/cm for a film thickness of 600 nm. Figure 2 shows the temperature dependence of the J-t transient current measured at different temperatures. For clarity, the J-t curves at only a fixed stress voltage of 10 V are given. At room temperature, a stress voltage of 10 V gives a degradation type transient current. It can be seen that the J-t curves are degradation type at 40, 60, and 80°C. The magnitude of the current density begins to decrease at 80°C, is lowest at 100°C, and increases from 100°C to 140°C. The transient curves are polarization type at 100, 120, and 140°C. The transient current at room temperature (V app ϭ3 V) and at high temperatures ͑100-140°C, V app ϭ10 V͒ can be well fitted using a Debye-type relaxation model as shown in: 16, 17 J͑t ͒ϭ
where C i and i represent the capacitances and the relaxation time constant of the i th relaxation species, A is the area of the capacitor (150 mϫ150 m), and V is the applied voltage. The results of least square fitted relaxation times and capacitances are listed in Table I . The transient current behavior in Fig. 2 can be explained as follows. There are two effects of temperature on the conduction current. The conduction current in a PZT film has been explained by Poole-Frenkel emission or Schottky emission. 5 In either the Poole-Frenkel or the Schottky emission models, the conduction current is made of carriers overcoming a barrier. 18 An increase of temperature will enhance the number of carriers capable of overcoming that barrier and hence increasing the conduction current. A second effect of the temperature is due to the trapping and the detrapping of carriers. Thermal emission rate e p for holes can be expressed as
where c p is thermal capture cross section of holes and N V is the effective density of states of the valence band, E t is the trap energy level and E V is the energy at the top of valence band. The thermal emission rate of trapped holes increases with increasing temperature. Therefore, it becomes easier for the trapped carriers to be emitted from the traps as the temperature rises. The number of trapped charges will decrease and the magnitude of the local field will become less. The conduction current should therefore decrease. The behavior of the transient current will depend on the relative magnitudes of these two opposite effects. When the conduction current becomes smaller than the polarization current, the transient current becomes polarization type as for the 100, 120, and 140°C curves in Fig. 2 . measured at different bias voltages. Again for clarity, the J-t curves at only a fixed temperature of 120°C are given. It is found that the transition voltage of the degradation region increases with increasing temperature from 5 V at room temperature to about 24 V at 120°C. Figure 4 shows that the V tr increases linearly with temperature and the slope is about 0.21 V/K. Figure 5 illustrates the transient currents measured at a specified time (tϭ75 s) as a function of inverse temperature at different applied voltages. The transient current is polarization type at V app ϭ3 V. Its temperature dependence can be approximated by exp(ϪE a /kT) for the whole temperature range, where the activation energy E a is about 0.28 eV. The value is much smaller than the activation energy of oxygen vacancies for diffusion ͑1 eV͒ 20, 21 and is close to the activation energy 0.26 eV of holes. 22 This result shows that the holes are more likely to be responsible for the dielectric relaxation phenomenon than the oxygen vacancies. At V app ϭ20 V, the transient current in general decreases with increasing temperature. This means the effect of carrier detrapping becomes more important at the applied voltage of 20 V. Between 3 and 20 V, these two opposite effects of temperature on conduction current are mixed. The J vs 1/T curves therefore do not show any definite temperature dependence.
B. The discharging current
When the stress voltage of a PZT capacitor is removed, a discharging current is observed in the reverse direction. If the applied stress voltage is in the degradation-type region ͑i.e., V app ϾV tr ͒, the discharging current after stress is mainly due to the detrapping current of trapped charges.
14 When the discharging current J is proportional to e Ϫt (Jϰe Ϫt ) and the logarithmic plot of discharging current versus discharging time shows a straight line with a slope of Ϫ1, a tunneling front model can be used to describe the discharging current.
14,23 Figure 6 shows the temperature dependence of the discharging current measured from 40 to 140°C. The Jϰe Ϫt dependence holds from 40°C to about 100°C. This means that the tunneling front model can be used for PZT in this temperature range. At 120 and 140°C, the discharging behavior begins to deviate from the Jϰe Ϫt dependence. A different model is needed to explain the discharging phenomenon.
The moderate increase of discharging current with temperature in Fig. 6 can be explained by a shift of trap level E t with temperature.
13,24 Similar shift of trap energy level in SiO 2 films was observed when the tunneling discharge of avalanche injected holes in thin SiO 2 layers of metal-oxidesemiconductor ͑MOS͒ capacitors was measured. 24 The trap energy level at temperature T can be expressed as where E t (0) is the trap energy level at 0 K, ␣ is a constant, and T is the absolute temperature. In this work, the moderate increase of discharging current from 40 to 140°C can be explained by the same mechanism. The time dependent discharging current density associated with the tunneling front model is given as: 14, 23 J͑t ͒ХqN͑2␤t͒
where q is the electronic charge, N is trapped charge density, m* is the carrier effective mass, the E t is the trap energy level, and the t is the discharging time. According to Eq. ͑3͒, the discharging current is inversely proportional to the square root of trap energy level E t . The hole trap energy level in PZT was measured by deep level transient spectroscopy to be 267 meV at room temperature. 25 The measured discharging current at a specified time duration ͑e.g., 10 s͒ can be fitted by using Eqs. ͑2͒ and ͑3͒. The extracted values are E t (0)ϭ1.20 eV and ␣ϭ3.1 meV/K.
IV. SUMMARY
The temperature dependence of the transient current characteristics in the PZT ferroelectric thin films have been studied by J-t measurements in the temperature range from room temperature to 140°C. The transient current consists of the conduction current and the polarization current. Depending on the relative magnitudes of the current components, the transient current characteristics can be separated into two different types, the degradation type and the polarization type. The transient current increases with time in the degradation type region and decreases exponentially with time in the polarization type region. The increase of the degradation type transient current can be explained by an enhancement of the local electric field caused by the accumulation of trapped holes. The effect of the carrier trapping is found to become less significant as temperature increases. The transition voltage or transition electric field separating the two regions is found to increase linearly with temperature. The discharging current of the PZT capacitors are measured and the temperature dependence of the discharging current indicates that the tunneling front model can be used for PZT in the temperature range below 100°C. Above 100°C, a different model is required to explain the discharging characteristics.
